D-Alanyl-lipoteichoic acid (D-alanyl-LTA) is a widespread macroamphiphile which plays a vital role in the growth and development of gram-positive organisms. The biosynthesis of this polymer requires the enzymic activation of D-alanine for its transfer to the membrane-associated LTA (mLTA). A small, heat-stable, and acidic protein that is required for this transfer was purified to greater than 98% homogeneity from Lactobacillus casei ATCC 7469. This protein, previously named the D-alanine-membrane acceptor ligase (V. M. Reusch, Jr., and F. C. Neuhaus, J. Biol. Chem. 246:6136-6143, 1971) The cell wall of gram-positive bacteria is composed primarily of two classes of polymers, peptidoglycan (murein) and teichoic acids (TA). Although the essential role of peptidoglycan in maintaining the structural integrity of the cell has been well documented, the functions of TA are less apparent. The TA family consists of chemically diverse anionic polymers consisting of poly(alditol phosphate)s and constitutes 30 to 70% of the cell wall (2, 3). Various substituents, e.g., D-alanine esters and glucosyl residues, are linked to the alcohol functions on the polymer backbone. Many gram-positive organisms contain two types of TA: (i) wall TA (WTA), which is covalently linked to peptidoglycan (45), and (ii) lipo-TA (LTA), which is anchored in the cytoplasmic membrane (17, 18) . The widespread occurrence of TA and functionally similar anionic wall polymers has prompted the suggestion that they play an essential role in the physiology of the organism (15, 28, 32, 43) .
The cell wall of gram-positive bacteria is composed primarily of two classes of polymers, peptidoglycan (murein) and teichoic acids (TA). Although the essential role of peptidoglycan in maintaining the structural integrity of the cell has been well documented, the functions of TA are less apparent. The TA family consists of chemically diverse anionic polymers consisting of poly(alditol phosphate)s and constitutes 30 to 70% of the cell wall (2, 3) . Various substituents, e.g., D-alanine esters and glucosyl residues, are linked to the alcohol functions on the polymer backbone. Many gram-positive organisms contain two types of TA: (i) wall TA (WTA), which is covalently linked to peptidoglycan (45) , and (ii) lipo-TA (LTA), which is anchored in the cytoplasmic membrane (17, 18) . The widespread occurrence of TA and functionally similar anionic wall polymers has prompted the suggestion that they play an essential role in the physiology of the organism (15, 28, 32, 43) .
In order to clarify the functions of LTA which are determined specifically by the addition of D-alanine esters, we have chosen Lactobacillus casei as the model for study (26) . Not only does this organism lack WTA, but the LTA represents the simplest possible hydrophilic moiety: poly(GroP) with only D-alanine ester substituents (4, 10, 29) . This hydrophilic chain is linked to either Glc(p1-6)Gal(c.1-2)acyl--6Glc(ol-3)acyl2 Gro (30%) or Glc(p1-6)Gal(ol-2)Glc(a1-3)acyl2Gro (70%) (18, 33) . In L. casei, this macroamphiphile is polydisperse, with chain lengths ranging from 5 to 50 residues (38) . Mutants that are deficient in D-alanine ester content are characterized by aberrant morphology and defective cell separation (35) .
The esterification of LTA with D-alanine residues provides a means for altering the anionic charge of the cell wall. The percentage of GroP units which are substituted with these residues varies from 10 to 70% (18) . A unique feature of these positively charged esters is their ability to undergo interchain transacylation (9) . Haas et al. (23) demonstrated the in vivo transacylation of D-alanine esters from LTA to WTA in Staphylococcus aureus. Thus, the mobility of the D-alanine esters appears to be an important aspect of their proposed functions. These include: (i) the regulation of autolytic activity (6, 19) , (ii) the alteration of electromechanical properties of the cell wall (36) , and (iii) the binding of Mg2+ for enzyme function (1, 27, 28, 30) . None of these functions are mutually exclusive, and each may be important for a given organism, depending on the physiological circumstances. Establishing the biological role of these esters will be facilitated by defining the mechanism for D-alanine ester addition to LTA as well as constructing genetic systems for modulating the ester content of this polymer in vivo.
A first step towards accomplishing this goal is the description of the genetic elements and biochemical components that are required for D-alanyl-LTA biosynthesis. The components include the 56-kDa activating enzyme, a 6-kDa heat-stable protein, membranes, ATP, and D-alanine (5, 7, 8, 25, 31, 34, 40) . The enzyme which activates D-alanrne is a member of a family of proteins that activates amino or fatty acids via a mechanism that utilizes the novel phosphate-binding loop, GXXGXPK, and is predicted to ligate the activated D-alanine to the 4'-phosphopantetheine prosthetic group of either (i) coenzyme A, (ii) a carrier protein, or (iii) an enzyme (25) . In this article, we report that the heat-stable protein required for D-alanyl-LTA biosynthesis is the D-alanyl carrier protein (Dcp) and that it functions as the acceptor of activated D-alanine. It is our goal to establish that D-alanyl-Dcp is required for the biosynthesis of D-alanyl-membrane-associated LTA (D-alanylmLTA) and to show that the enzyme which activates D-alanine also functions as the D-alanine-Dcp ligase (Dcl).
MATERIALS AND METHODS
Bacterial strains and plasmids. Two strains were used: L. casei 7469 from the American Type Culture Collection and Escherichia coli XL1-Blue (Stratagene). Phagemid pDAE1, containing the gene for the D-alanine-activating enzyme (Dcl), has been described elsewhere (25 Large-scale fermentation of L. casei. Starter cultures (500 ml each) of L. casei were grown to log phase in LC medium (25) at 37°C without shaking. These cultures were used to inoculate two 13-liter fermentation vessels (Microferm; New Brunswick Scientific Co.) containing the same medium and cultured without aeration at 37°C to late log phase. These cultures were combined and used to inoculate 250 liters of the same medium in a 300-liter fermentor (Braun Biostat 300 D). This culture was grown for 9 h to late log phase (optical density at 600 nm, 5.2), cooled to 12°C, and harvested by using a tangential flow membrane system (Millipore Corp.). After final centrifugation (10,000 x g, 10 min), cell pellets were combined in 500-g portions and frozen at -20°C. The average yield of wet cell paste was 6 g per liter.
Purification of Dcp from L. casei. The purification strategy for Dcp was patterned after that reported by Linzer and Neuhaus (31) for the D-alanine-membrane acceptor ligase and that reported by Rock and Cronan (41) for E. coli acyl carrier protein (ACP). Unless specified, all manipulations were performed at 4°C, and centrifugation steps were performed for 15 min at 10,000 x g. The frozen cell paste (500 g) was thawed in 1 liter of 100 mM Tris (pH 8) containing 1 mM EDTA and disrupted by 12 cycles of sonication (10 min with stirring followed by 40 30 mM. The mixtures were incubated at 37°C before the reaction was terminated by the addition of 0.9 ml of 10% TCA. The precipitate was collected on GN-6 Metricel filters (25 mm; pore size, 0.45 ,um) and washed with three 1-ml and one 10-ml portions of 10% TCA. The filters were dissolved in ethyl acetate and counted in a scintillation cocktail.
The amount of E. coli ACP (Sigma Chemical Co. lot 40H9610) was measured by ligation with palmitic acid using a modified method of Rock and Cronan (41) . The reaction mixture (50 ,ul) contained 50 mM Tris (pH 8.0), 1 mM DTT, 10 mM MgCl2, 10 mM ATP, 400 mM LiCl, 0.29 mM [1-14Cjpalmitic acid (17 mCi/mmol), 0.76 mU of acyl-ACP synthase (Sigma Chemical Co.), 5% glycerol, 2% Triton X-100, and a sample of ACP. The mixture was incubated at 37°C, and SO-,u aliquots were deposited on dry Whatman 3MM filter disks. The disk was immediately washed with five 1-ml and one 10-ml portions of chloroform-methanol-acetic acid (3 (Dcl) .
The purification strategy for Dcp was patterned after that for the L. casei D-alanine-membrane acceptor ligase (31) and that for the E. coli ACP (41) . Purification was indicated by fractionating an extract of L. casei with 50% (vol/vol) isopropanol. The Dcp remained soluble in this fraction until an additional volume of acetone was added. Precipitation of Dcp from a 65% solution of ammonium sulfate was accomplished by adjusting the pH to 3.9. The combination of these steps resulted in a preparation of Dcp which was 48-fold enriched relative to the extract (Table 1) . Chromatography of the dialyzed ammonium sulfate fraction on DEAE-cellulose yielded a sample that was approximately 20% pure as determined by native PAGE (Fig. 1, lane 1) . The final step in this purification consisted of a preparative, nonreducing, and non- observed with the addition of DPT. The synthesis of D-alanyl-Dcp was stimulated 1.6-fold by the addition of 1 mM DTI, whereas this addition had no effect on the formation of D-alanyl-ACP. These results identify the requirements for the ligation of Dcp with D-alanine. Amino acid analysis and limited N-tertninal sequencing of Dcp. The amino acid composition of Dcp was similar to that reported for ACP of E. coli, a protein rich in aspartic and glutamic residues ( Table 3 ). The percent sum of Asx and Glx in Dcp was 33% versus 35% for ACP. Both carrier proteins lacked cysteine and contained 1-alanine. The detection of ,-alanine in an acid-hydrolyzed sample indicates the presence of 4'-phosphopantetheine. Based on the 1-alanine content, the estimated molecular mass of Dcp (6.2 kDa) was 30% less than that of the E. coli ACP (8.8 kDa) . The N-terminal sequence of Dcp showed a similarity with sequences of bacterial ACPs and open reading frames (ORFs) (Fig. 2) . The residues in the Dcp sequence which are identical in several ACPs include Glu-4, Lys-7, Lys-8, Val-10, and Leu-14. In addition, the residues corresponding to the Ile-6 and Ala-15 of Dcp are conserved in the prokaryotic ACPs. The N-terminal sequence with the highest homology to Dcp was the Bacillus subtilis Ipa-3r ORF. This putative protein has been recognized as an ACP-like homolog which is encoded as part of a five-gene operon in this organism (22) . The second-best match to the Dcp N-terminal sequence was the unidentified Lactococcus lactis ORFX. This ORF flanks an insertion sequence element at the integration point for sex factor DNA which is associated with high-frequency transfer and cell aggregation (21) . Since a role for LTA has been suggested in the formation of mating aggregates in Lactobacillus plantarum (39) and Enterococcus faecalis (14) , this sequence has been included in the analysis. The comparison of the sequences in Fig. 2 ACP revealed a pronounced difference (Fig. 3) . The ligation of Dcp with D-alanine showed a broad pH optimum (pH 5 to 8). In contrast, the optimal pH for ligation of D-alanine to ACP was 6.6 to 7.0. A small activity peak was also observed for ACP (pH 4.5), which was not apparent with Dcp. The responses with these carrier proteins demonstrate that their interactions with Dcl are pH sensitive and reflect a difference in the ionization of the two carrier proteins.
Effects of substrates on the thennostability of Dcl. The instability of the D-alanine-activating enzyme (Dcl) was one of the early difficulties encountered with this enzyme (33a) . A preliminary analysis of the Dcl thermostability in the hydroxamate assay (an assay which measures D-alanine activation) indicated that the only substrate to have a significant stabilizing effect was ATP (data not shown). In order to further define the ligation reaction, the effects of substrates on the stabilization of Dcl were investigated. In the absence of substrates, 45% of the Dcl was irreversibly inactivated at 45°C in 15 min (Fig. 4A) . This temperature was selected to measure the effects of substrates on the stability of the enzyme. The results showed that ATP, Dcp, or a combination of the two significantly enhanced the thermostability of Dcl (Fig. 4B) . In contrast to Dcp, E. coli ACP facilitated the inactivation of Dcl at 45°C. (Fig. 5) (Fig. 6 ). The maximal capacity of 100 ,ug of membrane protein to incorporate D-alanine into mLTA was 90 pmol. In a reconstituted system which is designed to measure the transfer of D-alanine to mLTA, and not the formation of D-alanyl-Dcp, a high ratio (>10:1) of membrane capacity to the amount of Dcp is an essential feature. This ratio ensures the turnover of D-alanyl-Dcp in the incubation mixture. This system was used to characterize the requirements of D-alanyl-mLTA biosynthesis. Table 2 shows that ATP, Dcl, and Dcp are required for the formation of D-alanyl-mLTA. The addition of either 1 mM DTT or 10 mM Mg2+ caused a 1.4-fold stimulation of activity.
These observations were similar to those for D-alanyl-Dcp formation (Table 2) . However, unlike the ligation reaction, the addition of 10 mM EDTA to the incorporation system did not inhibit the formation of D-alanyl-mLTA. This feature of the membrane incorporation system distinguishes it from the ligation reaction. The results presented in this section describe the reconstitution of the cytosolic components with the membrane system for the synthesis of D-alanyl-mLTA. Specificity of carrier protein function in the biosynthesis of D-alanyl-mLTA. Since Dcl was observed to ligate D-alanine to E. coli ACP, the specificities of the ligation reaction and membrane incorporation system were investigated with carrier proteins from other organisms. Results of the ligation reaction showed that E. coli ACP is not exceptional and that Dcl also ligated the ACPs from Vibrio harveyi and Saccharopolyspora erythraea with D-alanine. D-Alanyl-ACP was not detected with either B. subtilis ACP or spinach ACP-I. Since E. coli, V. harveyi, and S. erythraea ACPs are ligated with D-alanine, these ACPs were also tested in the D-alanyl-mLTA incorporation system containing L. casei membranes. None of these ACPs were able to function, and thus, the incorporation system appears to show a higher specificity for the carrier protein than Dcl does in the ligation reaction. 6 .0 h. The stability increased at a lower pH (9.5 h at pH 4.5) and significantly decreased at a higher pH (1.2 h at pH 8.5). In a reaction mixture which contained only membranes and D-alanyl-Dcp, the amount of D-alanine incorporated into mLTA was proportional to the amount of D-alanyl-Dcp added to the reaction (Fig. 7) . The reactivity of this substrate with L. casei membranes under a variety of conditions is summarized in Table 4 The identity of the membrane acceptor is unknown, since it is not clear whether this acceptor is mLTA or another intermediate in the pathway for D-alanyl-mLTA biosynthesis. Since purified LTA will not function in reaction 3 in the absence of membranes, it was proposed that an unidentified membranebound enzyme is required (40) . This hypothetical enzyme which utilizes D-alanyl-Dcp may be referred to as the membrane acceptor D-alanyl transferase.
The identification of Dcl as a ligase which interacts with D-alanine and a carrier protein allows the further clarification of two biochemical features of this enzyme. One of these features is the poor affinity of Dcl for D-alanine. Dcl has a Km for D-alanine of 70 mM (5) , a value that is 3,000-fold higher VOL. 176, 1994 on October 29, 2017 by guest http://jb.asm.org/ Downloaded from than that when Dcp is present during the incorporation of D-alanine into mLTA (18 ,uM) (31) . It is proposed that the interaction of Dcp with Dcl increases the affinity of Dcl for D-alanine and, thus, reduces the Km. The positive effect of this interaction is consistent with the enhanced thermostability of Dcl in the presence of Dcp. A second feature of Dcl is the specificity of this enzyme for its carrier protein substrate. Dcl has a relaxed specificity for the carrier protein, since it will also ligate the ACPs from E. coli, V harveyi, and S. erythraea with D-alanine. The ability of Dcl to ligate ACPs from both gramnegative and gram-positive bacteria with D-alanine was unexpected. The specificity of Dcl in the ligation reaction is in contrast to the strict requirement for Dcp in the incorporation reaction. These results imply that Dcp contains at least two determinants for specificity, one which is recognized by Dcl and one which is recognized by the putative membrane acceptor D-alanyl transferase.
Whether Dcp is used for the biosynthesis of essential cell lipids and D-alanyl-LTA or whether it functions solely for the synthesis of LTA remains to be determined. The isolation of the L. casei ACP for fatty acid synthesis has not been reported. The only lactic acid bacterium for which the isolation of an ACP has been reported is L. plantarum (42) . The ACP in this organism is not constitutively expressed, since its production is repressed by the addition of exogenous oleate. The issue of multiple ACPs has been addressed for Rhizobium meliloti (37) . In this organism, a constitutive ACP functions in the biosynthesis of cell lipids, whereas an inducible ACP derived from the nodF gene is involved in the synthesis of cell-signaling polysaccharides. An attractive hypothesis is that L. casei and related gram-positive organisms have multiple ACPs, each of which has a specific function. These functions may be determined by structural motifs found in the ACPs and their cognate partners. It has been recognized that the definition of these determinants represents an important area for further investigation of carrier protein function (16 The identification of D-alanyl-Dcp as the donor of activated D-alanine residues to a membrane acceptor allows one to address the membrane stage of the D-alanine incorporation system. Our goal is to establish whether mLTA is the membrane acceptor or whether additional intermediates are involved in the incorporation system. This stage may involve additional steps prior to the incorporation of D-alanine into D-alanyl-mLTA. It has been hypothesized that a membrane acceptor D-alanyl transferase, possibly derived from an ORF (ORF2) contiguous with the dcl gene, may play a role in transferring D-alanine ester residues to mLTA via a putative undecaprenol phosphate carrier (26) (reaction 3). This hypothesis is supported by (i) the sensitivity of the incorporation system to amphomycin and tunicamycin and (ii) the similarity of the deduced amino acid sequence of ORF2 with undecaprenol phosphate transferases (26a) . A model that illustrates the proposed roles of Dcp, Dcl, and the hypothetical protein derived from ORF2 in the biosynthesis of D-alanyl-LTA is summarized in Fig. 8 .
The dlt (D-alanyl-LTA) operon which encodes the components depicted in Fig. 8 has been proposed to exist in L. casei. (25) . dcl and ORF2 are immediately preceded by a putative promoter and ribosome binding site. The widespread occurrence of D-alanyl-LTA suggests the presence of similar operons in other gram-positive organisms containing this macroamphiphile. For example, in B. subtilis a homologous operon containing five ORFs has been identified at map position 3330 as part of the genome project for this organism. Glaser et al. (22) identified ORF1 (ipa-Sr) as dcl, ORF2 (ipa-4r) as homologous to ORF2 of L. casei ¶ ORF3 (ipa-3r), s ar ACPr QRF4 (ipa-r) as unnown, and OR$ (ipa-ir) as a protein homologous to 3-ketoacyl-ACP reductase of E. coli. Interestingly, the N-terminal sequence of Dcp showed greater homology to the deduced sequence for ipa-3r than all other ACP-like sequences used in our comparison. This observation together with the high homologies of the first two ORFs of the B. subtilis operon (44 and 43% identities, respectively) suggests that the gene for Dcp may be located 3' of ORF2. Completion of the DNA sequence of the L. casei operon will provide insights into the location of dcp and its relationship to other putative ACPs in this organism. 
